Abstract Investigations of micro-and low-magnitude earthquakes in the Kangra-Chamba region of the NW Himalaya were performed to evaluate the relationship between earthquake source, seismicity, stress drop, tectonics, and structure. The seismic events were recorded by a dense local network of 21 permanent/temporary stations during [2004][2005]. The earthquake source parameters using spectral analysis were calculated for refined epicenters obtained by Local Earthquake Tomography method. We applied two approaches of spectral analysis for earthquake data and the box-counting fractal dimension for structural elements in order to understand the seismogenesis of the region properly. These two methods giving interdependable results were used for the study area that extends from latitude 31.5°N-33.5°N and longitude 75.5°E-77.5°E in the epicenter zone of devastating 1905 Kangra earthquake. The seismic moment of these earthquakes (1.5 B Mw B 4.8) is between 1.21E ? 18 dyne-cm and 1.44E ? 23 dyne-cm causing circular deformation of radius in the range 0.12-1.15 km based on Brune's circular model. The study reveals that low value for the capacity fractal dimension (D 0 of 0.678) and seismically intense clustering of 135 earthquakes with low stress drops generally below 10 bar but up to 26 bar. Evaluated low stress drop of small size earthquakes and low D 0 of structural elements has led to the identification of nature of brittleness of the crust and proneness to high strain accumulation that indicates the presence of an asperity/barrier in the fault zones. The variation of b value and 3D seismic velocities supports the presence of asperity zone.
Introduction
The NW Himalaya is one of the most earthquake hazardous regions of the world. The highest casualties over 1,900 and damage due to the M7.8 great Kangra earthquake of 1905 have occurred in this part (Middlemiss 1910) . Recently, in 2005, widespread damage and casualties of over 80,000 were occurred on the northwest boundary of this region due to the occurrence of M7.6 Kashmir earthquake (Mahajan et al. 2006; Mahmood and Ingham 2011) . Collision between Indian and Eurasian plates created a geologically complex and seismotectonically a very active inter-plate zone described as the Himalayan wedge that is responsible for the seismogenesis. The maximum convergence (12-16 mm/year) between these two colliding plates is occurring in this Himalayan region as observed through global positioning system by Banerjee and Burgmann (2002) . Although the intensity of seismic activity is highest in the NW Himalaya, there is along-strike variation in seismicity in the 2,500 km east-west extended Himalayan arc system. A recent compilation and analysis of seismic catalogue of the NW Himalaya (Lyubushin et al. 2010; Gitis et al. 2008) indicate that the whole region had witnessed 8 earthquakes of M C 7.0 and about 50 earthquakes with M [ 6.0. The catalogue up to 2005 and the inclusion of additional seismicity to microearthquake level for the period of 2005-2010 highlight the along-strike variation of seismicity and suggest its causes for the NW Himalayan region (Arora et al. 2012) . Almost all the larger-magnitude earthquakes of the NW Himalaya are causing devastation due to thrust mechanism along the major tectonic zones. However, the lower-magnitude earthquakes are introducing variable types of deformation as pure thrust/reverse, normal, and strike-slip, majority of which are oblique types with variation from one region to other Yadav et al. 2009 ). In the present study region, the majority of lowmagnitude earthquakes ( Fig. 1 ) are dominated with thrust/reverse mechanisms along with strike-slip component (Yadav et al. 2009 ).
Earthquake studies directly or indirectly account for the evaluation of potential sites of large-magnitude future earthquakes. This requires detailed understanding of the processes related to repeated earthquake occurrences in various seismogenic regions. The occurrence of the earthquakes depicts the present status of release of energy that is associated with the regional fault system. The complexity of crustal part with existing faults of the region needs to be characterized using fractal dimension. The box-counting fractal dimension is used to find the fractal capacity dimension (D 0 ) of the fault system. The value of D 0 signifies about the clustering of structural elements, and the lower value of D 0 indicates more clustering of structural elements. The most important part of earthquake evolution in a region is its association with the active fault system. There is extensive evidence that characteristic earthquakes do occur quasi-periodically on major faults. Quantification of the recurrence time statistics of these characteristic earthquakes has been reported by Ogata (1999) . The importance of fractal capacity dimension is its ability to quantify the distribution of fault system in a single value of D 0 . Moreover, the clustering and non-clustering of fault system may be easily identified with its value (Roy et al. 2012) . It is in this context, the relationship between the distribution of geotectonic features, the stress drop pattern, and 3D structural variation is evaluated for this region. An attempt is also made to relate results with the variation of b value observed by Gitis et al. (2008) . The present data analysis can be classified into approaches to be linked with each other. The first approach deals with the distribution of structural elements (faults, thrusts, lineaments, etc.) and calculation of box-counting fractal dimension or capacity fractal dimension (D 0 ) based on previous work (Korvin 1992; Turcotte 1997; Ram and Roy 2005) . Second approach evolved with the spectral properties of the microearthquakes evaluating the stress pattern and other earthquake source parameters. The results of these two approaches have significant implications to the seismotectonic assessment for this geologically and tectonically complex region.
The area of interest for this paper is part of the NW Himalayan region where scores of scientific investigations suggest an impending future large earthquake. Earlier studies based on past seismicity (Khattri 1987; Bilham et al. 2001; Satyabala et al. 2012) emphasize the possibility of large future earthquakes in this inter-plate zone. However, the limited data set of occurrence of past large earthquakes is not sufficient to properly define the recurrence interval and additional efforts are required for seismic hazard evaluation. The seismicity of a region is dictated by the interaction of subsurface geology and the presence of regional active tectonics. Major structural and tectonic elements exposed in and around the region are the main boundary thrust (MBT), Punjal Thrust (PT), Palampur Thrust (PMT), part of Jwalamukhi Thrust (JMT), minor lineaments, antiform, and neotectonic faults (Thakur 1998; Kumar et al. 2009 ) as shown in Fig. 2 . Our analysis effectively identifies that some parts of the area are prone to high seismic risk. The present approach is focused on the capacity fractal dimension to quantify the distribution of structural elements of the region and its relation with the obtained stress pattern using earthquake data, velocity structure, and b value. Yadav et al. 2009 ). The shaded area in the beach ball is compressional and the open area dilatational quadrant. The small black dot inside the focal mechanism is the P and white dot the T axes. Rectangle denotes the present study region as given in Fig. 2 . Inset: Geotectonic setup of the NW Himalaya with dotted rectangle 2 Previous work relevant to present study
The fractal dimensions of the region were obtained to characterize the tectonic elements and its linkage with the earthquake source parameters calculated using spectral data. The spectral data of seismic waves are used for evaluating the earthquake source parameters. The results are synthesized with tectonic elements, recent seismicity, b value variation, and the velocity structures in the region (Thakur 1998; Gitis et al. 2008; Kumar et al. 2009; Yadav et al. 2009; Lyubushin et al. 2010; Kumar et al. 2013 ).
Tectonic elements
The India-Eurasia collision has resulted in major tectonic features such as the South Tibetan detachment, the main central thrust (MCT), MBT, and Himalayan frontal thrust. These faults are prevalent throughout the Himalaya (Gansser 1964) causing its partition into different zones described as High Himalaya (HH), Lesser Himalaya (LH), and Siwalik Himalaya (SH). The other major discontinuity is the Main Himalayan Thrust, which separates the underthrusting Indian plate from the upper Himalayan wedge and the Tibetan plateau. On regional scale, local tectonic faults exist causing additional complexity in the tectonic setup. In the present Kangra-Chamba region, the LH is a very narrow zone while the SH part to the south of MBT is a wide zone (Dubey 2004) . The SH part is divided into many faults striking parallel to MBT (Fig. 2) , and all of these are described as MBTs (Raiverman 2002) . In this part, the MCT is missing and most part of the LH is buried under Chamba Nappe (CN), this nappe was a part of higher Himalaya that was displaced toward south due to tectonic deformation (Thakur 1998) . Therefore, the LH is a very narrow zone (*5 km wide) and the tectonic contact between LH and CN is known as PT, which is the contemporary of MCT. The northern part of CN is separated from High Himalayan crystalline by the Chenab Normal fault (CNF). Apart from this, some parts are also exist in the form of windows such as Kistwar Window (KW) and Rampur-Larji Window (RW). Therefore, the region is highly deformed; however, the present microearthquake activity ) is concentrated only in the central part indicating only some tectonic elements seismically active and also the presence of hidden active faults. An attempt is made to correlate the tectonic elements with seismicity and stress drop variation, b value, and structure.
Seismicity and b value
The intensity of microearthquake occurrence in the Himalayan region is highest around MCT and the region north of MBT that comprises mostly LH sequences. This part of the Himalaya containing high seismic activity is known as himalayan seismic belt (HSB). In this part of the NW Himalaya, the concentration of seismicity is also dense in the HSB zone compared to adjoining parts (Lyubushin et al. 2010; Kumar et al. 2009 ). The earthquake catalogue of NW Himalaya for the period of 1999-2005 shows very dense seismic activity in the Kangra-Chamba region, which is also evident from Figs. 1 and 2. The initial works by Kayal (2001) and Bhattacharya and Kayal (2005) also show dense intensity of seismic activity for the present study region compared to surrounding areas. The seismic data for the period of 1999-2005 taken from compiled seismic catalogue (Lyubushin et al. 2010) were analyzed by Gitis et al. (2008) to obtain the spatial models for catalogue completeness (minimum magnitude threshold), seismicity, and b value for whole region of NW Himalaya. The evaluation of b value for the whole region of NW Himalaya was performed using the log-linear regression relation of Gutenberg-Richter criteria for the earthquakes with 3.0 as minimum magnitude of the catalogue. The spatial models of b value were obtained for the NW Himalaya after dividing the region in different grids (Gitis et al. 2008 ) of 4 0 9 4 0 dimension each. Based on that work, the b value for the Kangra-Chamba region and its surrounding varies between 1.1 and 1.5. The high b value in the Kangra-Chamba region suggests that the occurrence of lower-magnitude earthquakes is more, indicating intense seismicity compared to the surrounding regions of the Himalaya. Although the data set of this b value calculation was for M [ 3.0 taken for longer period but the present data of microearthquakes (M \ 3.0) activity also indicate high intensity of seismic events (Fig. 2) . The more prominent result of b value variation is that it is similar to stress drop variation as discussed later on.
2.3
Subsurface structure and refinement of earthquake source locations
The local earthquake tomography (LET) of SIMULP12 inversion algorithm (Thurber 1993 ) was used to estimate the 3D variation of velocity structure and refine the hypocentral parameters. The velocity of P wave (Vp), S wave (Vs), and the ratio (Vp/Vs) was obtained for different sections by Kumar et al. (2013) (Table 1) earlier was used as initial input model for the attempted 3D inversion. In this inversion, the robustness of various model parameters was verified that control the resolution and stability of the inverted 3D velocity structure from the given data set. The grid spacing was taken at 25 km for which different resolution parameters of khit numbers, derivative weight sum (DWS), resolution matrix, and checker board resolution test were performed for Vp and Vp/Vs. Based on this, the upper crustal strata were divided into horizontal depth sections of 0, 2, 5, 10, 15, and 18 km obtaining the values of hit count (khit) between 200 and 1,000, DWS greater than 500, and the R (resolution parameter) more than 0.1 (Kumar 2010; Kumar et al. 2013) . The adopted and applied procedure is discussed in detail by Kumar et al. (2013) for these different controlling parameters. The earthquake locations were refined first based on joint hypocentre determination (JHD) method (Kissling 1995) and then using the 3D variation of the velocity structure. The efficiency of the LET method to derive 3D velocity model (Fig. 3 ) in providing the improved estimation of earthquake parameters is demonstrated by the RMS of travel time residuals that were reduced by 34.38 % from 0.32 to 0.21 s from initial 1D model to final 3D model, respectively. The accuracy of hypocenter determination after 3D inversion is better than 3 km in vertical as well as horizontal directions, and the data further used for obtaining the source parameters using spectral analysis for the calculation of stress drop.
The horizontal slices of the obtained results for depth sections of 0, 2, 5, 10, 15, and 18 km are shown in Fig. 3 where the variation in velocity structures is plotted along with major tectonic features of the region. To exhibit the true nature of even weak lateral velocity variation at any given depth, all velocity parameters are plotted as percentage perturbation relative to the initial 1D layer velocity (Table 1) . The Vp and Vs maps show low-velocity zone (LVZ) in the SW part aligned with the PMT, MBT, and PT where all these tectonic features have thrust/reverse deformation. However, the northern and northwestern parts are characterized by relatively high-velocity zone (HVZ), both Vp and Vs are exhibiting higher values from surface down to 10 km. These variations are indicating tectonic linkage in the central part of the region while the HVZ in the central part of CN exhibits the relation with high b value and high stress drop.
Methods used for recent data analysis
Presently, the fractal dimensions were obtained using the tectonic elements of the region mentioned in the previous section. Also, the stress drop and other earthquake source parameters were calculated from the spectral data analysis of 135 earthquakes. 
where N(r) is used to measure the number of elements (i.e., fragments) with a characteristic linear dimension r (specified size), c is the constant of proportionality, and D 0 is the fractal capacity dimension that gives limited value to N(r) for definite range of r. The decrease in size (r) will lead it toward infinity. In this box-counting method, N(r) represents the number of occupied boxes and r, is the length of the box side. Hirata (1989) used the boxcounting method based on the work of Turcotte (1997) to evaluate all the fault traces. The box-counting method has been utilized effectively in many studies for different tectonic regions for fractal analysis. It was used by Hirata (1989) to evaluate fault systems in Japan and by Idziak and Teper (1996) to study fractal dimensions of fault networks in the upper Silesian coal basin, Poland. Angulo-Brown et al. (1998) studied the distribution of faults, fractures, and lineaments over a region on the western coast of the Guemero state in southern Mexico. A similar technique was used by Okubo and Aki (1987) to study the fractal geometry of the San Andreas Fault system and by Sukmono et al. (1997) to study the fractal geometry of the Sumatra fault system. The highly seismically active Bhuj region and induced seismicity-prone Koyna-Warna reservoir region of the intra-continent Indian plate were also studied through fractal technique by Ram and Roy (2005) and Sunmonu and Dimri (2000) , respectively. This technique can directly deals images for which Gonzato et al. (1998) and Gonzato (1998) have developed computer programs to evaluate fractal dimension that has solved the problem of the process of counting. Joshi and Rai (2003a) used fractal geometry for the appraisal of inverted Himalayan metamorphism and also demonstrated fractal dimension as a new measure of neotectonic activity (Joshi and Rai 2003b) . The similar technique has also been used widely in various fields for the characterization of specific mineral occurrence in nature (Carlson 1991; Raines 2008) .
The fractal dimension of the fault system can be measured by the box-counting method. The procedure is repeated for different values of r, and the results are taken in a log-log unit for proper representation. The slope of the line assigns the value of capacity dimension (Turcotte 1997; Ram and Roy 2005) . If the fault system under investigation is a fractal, the plots of N(r) versus r can be described through power-law function (Mandelbrot 1985) based on the relation of Eq. (1) that can be transformed to linear function through log-log graph in the form
Using this equation, the constant c is calculated from the intercept while D 0 is the slope of the linear straight line obtained after plotting log [N(r)] versus log[r] (figure-S1 of electronic supplement). Calculated D 0 is a measure of the fractal dimension of the system. In this method, the faults and other structural elements on the map were initially superimposed on a square grid size s 0 . The unit square s 0 2 was sequentially divided into small squares of size s i ¼ s 0 =2; s 0 =4; s 0 =8, etc. The number of squares or boxes N(s i ) intersected by at least one fault line is counted each time. If the fault system is a self-similar structure, then following Mandelbrot (1983) , N(s i ) is given by
where D 0 is interpreted as the fractal dimension of the fault system. The fractal dimension D 0 was determined from the slope of the log [N(s i )] versus log½s 0 =s i line of the data points obtained by counting the number of boxes covering the curve and the reciprocal of the scale of the boxes.
Stress drop
The two different types of stress release due to earthquakes were used in observational practice. The one that describes the stress change most accurately is the static stress drop defined as the average difference between the initial and final stress levels over the fault plane. The other is the apparent stress, a quality based on the radiated energy and seismic moment, which has been proposed as a measure of stress release. When a complete stress release is assumed, the stress drop can be calculated from the relation (Brune 1970) ;
where Dr is the stress drop in bar, M 0 is the seismic moment (Nm), and R is the radius (km) of the circular rupture source. The relation represents the uniform reduction in shear stress (Dr) acting to produce seismic slip over the circular fault. This stress drop is often termed as the Brune stress drop. It is a widely used method to estimate the stress release during earthquake occurrence. The spectrum of S wave of radial component (RAD) and transverse component (TRA) was used to calculate the stress drop and related source parameters using waveform data of window length 5 s starts from the onset of observed S wave time. The selected window and its corresponding displacement spectrum are shown in Fig. 4 for an earthquake of Mw 3.2 that was recorded at Bharmour station at an epicentral distance of 130 km. The observed spectra were corrected for instrument response, geometrical spreading, diminution factor, and the site response to get an accurate measure of the amplitude at the recording site. The earthquake source spectra were obtained using the S wave of the recorded data, and the attenuation characteristic was adopted through the available coda Q values for this region (Kumar et al. 2005) . The used seismic events were recorded by a dense local network of 21 permanent/temporary stations during 2004 ). Some representative examples of the corrected amplitude spectra obtained for different earthquakes at different stations are shown in Fig. 5 . The calculated source model is based on the response of far-field displacement spectrum after applying the correction for propagation, site, and other effects based on Brune's (Brune 1970 ) circular model mentioned in Eq. 4. This displacement spectrum has a characteristic shape that is flat at low frequencies less than corner frequency and at higher frequencies, its amplitude falls-off with increase in frequency (Fig. 5) . In this study, the waveform data were rotated and the source parameters were obtained for both radial and transverse components for single station and at least five stations data were used for one earthquake to obtain the average values for different source parameters on the method adopted by Archuleta et al. (1982) . The relationship between seismic moment magnitude and stress drop was established, and the variation of these two parameters with depth of the uppermost crust (10 km thick) was performed as shown in Fig. 6 .
Data used
The Wadia Institute of Himalayan Geology (WIHG) expanded its network in 2004 in the Kangra-Chamba region after installing a few stations in the northern part of high microseismic active zone. The experimental dense network ) was run for 2 years, and the data of seismic stations of India Meteorological Department, New Delhi, were also incorporated, making a total 21 stations for seismotectonic investigations. The recently developed 1D crustal velocity model (Table 1) was used for earthquake locations, and the locations were further refined using the JHD method. Further, the 3D variations of seismic wave velocities were obtained by Kumar et al. (2013) using LET method to investigate the subsurface structures for the upper crust and to enhance the accuracy of earthquake locations. In the present study, the data of well-located 135 earthquakes (1.5 B Mw B4.8) were utilized for the period of 2004-2005 to study the stress parameters and utilize it for fractal dimension and tectonic implications. The hypocenters of these earthquakes were refined using the 3D velocity variations to obtain the accuracy of source locations better than 3 km in vertical and horizontal directions (Kumar et al. 2013 ).
The spatial model of seismicity, representative earthquake magnitude, and b value had been performed using the data of the period 1999-2005 taken from the work done for whole NW Himalayan region (Gitis et al. 2008) . The tectonic features of the region have been utilized from Thakur (1998) for capacity dimension determination. The Fig. 2 shows the utilized structural elements for the box-counting fractal dimension analysis covering the study region from latitude 32°N-33°N and longitude 76°E-77°E. The capacity dimension of the study area may be related to the physical clustering and distribution of the fault system. 
Results and discussion
The dimensions of structural elements taken from geological data for the study area were calculated using the box-counting technique (Carlson 1991; Ram and Roy 2005; Raines 2008 ). The surface dimension quantifies the geometrical distribution of fault system, which especially advances fractal analysis of tectonics governing seismic activity in the region. The results are having low D 0 (0.678) value and the physical significance of this low value may be understood. A value close to 2 suggests that it is a plane that is filled up, while a value close to 1 implies that line sources are predominant (Aki 1981) . In this region, none of the blocks have a value of 1 or 2. The analysis for the entire region gives insights about the seismotectonic perspective that has highly clustered structural elements having low capacity dimension value of 0.678 with intense 135 microearthquakes clustered. The tectonic elements mentioned in Fig. 1  with latitude 32°N-33°N and longitude 76°E-77°E may be the cause of occurrence of higher-intensity earthquakes. The present seismic activity scenario in the region may be supported by the existence of these fault systems (Fig. 2) . The structural elements in the block are PT, MBT, PMT, minor lineament, part of JMT, antiform, neotectonic fault, and Thrust. In length and number, the tectonic features are more in the SH toward south of the MBT including this fault. However, the seismicity is almost negligible in this part and more prevalent to the north of MBT where tectonic elements are comparatively less. It has been noticed during this study and also the earlier work (Kayal 2001; Bhattacharya and Kayal 2005; Kumar et al. 2009; Yadav et al. 2009 ) that a zone to the north of epicenter M7.8 Kangra earthquake has intense seismic activity that is related with NNE dipping Fig. 6 Assessment of stress drop and moment magnitude variation with depth, least square fits are shown with solid lines a the variation of magnitude with depth b the variation of stress drop (range of 0.1-27.3 bars) with depth c the variation of stress drop with seismic moment tectonic features. However, the seismicity further north in the western part is sparse and evenly distributed most of which cannot be related to any exposed tectonic feature. On the other hand, the spectral analysis performed for the present earthquake data (mostly microearthquakes) results low stress drop, most of the values are less than 10 bar and the highest value is 26 bar (Figs. 6 and 7) .
The spectral analysis of 135 earthquakes data (Table-S1 of electronic supplement) suggests that the measured stress drop of these local events increase with the increase in earthquake source size. The seismic moment of these earthquakes (1.5 B Mw B4.8) is between 1.21E ? 18 dyne-cm and 1.44E ? 23 dyne-cm causing circular rupture with varying radius between 0.12 and 1.15 km based on Brune's circular model (Brune 1970) . The variations of seismic moment magnitude (Mw) and stress drop with focal depth for the upper-most 10-km crustal strata are shown in Fig. 6 , which indicates a slight increase in these two parameters with increase in depth. Figure 6a indicates that the focal depth of earthquakes of higher magnitude (Mw [ 2.5) is comparatively more in this upper strata, and the results from the linear regression least square fit obtained for these two parameters also suggest the same. However, the correlation is very weak due to negligible relation for smaller earthquakes. The obtained relation shows 1.0626 times increase in focal depth with the enhancement in moment magnitude, suitable mainly for Mw [ 2.5 earthquake. Similar behavior is of stress drop with focal depth for this upper stratum of 10 km (Fig. 6b) , and the least square logarithmic fit gives the increase in focal depth for higher stress drop particularly for stress drop greater than 3 bar. The measured increase in focal depth is 0.5611 times to the logarithmic value to stress drop increase.
The study reveals that low value (0.678) for the capacity fractal dimension (D 0 ) and seismically intense clustering of 135 earthquakes with stress drop generally below 10 bar and highest of 26 bar. The spatial variation of stress drop (Fig. 7) indicates a high value in the region where there is low D 0 value. The area lying between latitude 32°N-33°N and longitude 76°E-77°E is having low fractal dimension of faults system along with the high stress drop that indicates the condition of development asperity and barrier (Rudnicki and Kanamori 1981; Roy and Mondal 2009; Baltay et al. 2011 ) in the region due to the present seismic activity and the nature of fault system behavior. Allen et al. (2004) have done an extensive study for the variation of seismic source parameters with focal depth for the southeastern region of Australia and found that shallow focus earthquakes (B6 km) produce lower stress drop compared to deeper earthquakes. Therefore, it appears that the upper-most crust has less strength to withhold higher stress level and the stress drop appears to increase with increase in depth. However, for this data set, the stress drop also increases with the increase in the size of the earthquakes (Fig. 6c) , particularly for microearthquake (Mw B 3.0) activity. According to Brune's circular model, the stress drop for any earthquake of one region irrespective of its size should be constant. The recent work performed during the occurrence of Mw 5.0 Kharsali earthquake of July 23, 2007 and its aftershock activity of the Garhwal Himalaya ) also suggest that the stress drop changes with earthquake size. For higher-magnitude earthquakes, it appears to be constant as per Brune's model. Stork and Ito (2004) state that the lower stress drop in the upper-most crust is due to weak rocks compared to deeper strata. Sharma and Wason (1994) suggest that the low stress drop indicates the existence of brittle material to be easily broken releasing the energy due to earthquake occurrence. However, the release of seismic energy is localized in this region and not uniformly distributed throughout the area. These zones may be considered as the sites of barrier for the study area. The concern is mainly for the hidden faults with barrier that are not exposed on the surface. Aki (1984) gives the view of stable barrier in the fault zones that are more or less not affected by repeated earthquakes.
The spatial variation of stress drop in relation to tectonic elements and seismic activity is shown in Fig. 5 . The variations of calculated stress drop along major tectonic features (PMT, MBT, and PT) have linkage with each other. Similar observations were noticed (a) (b) Fig. 7 Variation of stress drop (in bar) pattern; the tectonic elements mentioned in Fig. 2 are shown with white lines. a Variation of stress pattern and tectonic elements b Linkage of stress drop, tectonics, and microearthquake activity (epicenters shown with white circles), high seismicity covers the area between latitude 32°N-33°N and longitude 76°E-77°E which is also having low capacity dimensional value of 0.678 earlier ) between tectonics (major and local) and seismicity in the uppermost part of the crust in this area. The trends of stress drop and seismicity also have good relation along the CNF in the northern part. Here, most of the seismic events are located close to the major tectonic elements indicating the development of high strains in that part. The existence of poor relation of these parameters in the central part of CN may be the indication of hidden tectonic structures. The variation of the b values for the KangraChamba region has been reported between 1.1 and 1.5 (Fig. 4 of Gitis et al. 2008 ). This range is to the higher side, which is generally around 1.0 based on Gutenberg-Richter frequency and magnitude relation. Observed variation of stress drop and b value has good relation in the central part of CN highlighting the linkage between these two parameters. But, the data range of magnitude is variable for these two parameters; hence, it is difficult to establish linkage between stress drop and b value until additional data are added.
The purpose of inclusion of the 3D velocity variations of P wave, S wave, and the ratio (Vp/Vs) was to relate the subsurface structure with stress drop, b value, seismicity, and tectonics of the region. The variation of Vp and Vs shows (Fig. 3 ) a well-defined pattern for the upper crustal part above 15 km starting from the mean sea level. After including the topography variation, strata above the mean sea level (0 km here), the structure is thicker particularly to the north of PT. At 15-km depth slice, the plots are very different mainly for the Vp/Vs. Although the resolution is weak at this depth and deeper section (Kumar et al. 2013 ) but it highlights that there is a sudden change that coincides with the detachment zone ). This segment coincides with the detachment zone (Prasad et al. 2011; Kumar et al. 2009; Powers et al. 1998) in the depth range 10-15 km separating the underthrusting Indian plate from thick sequence of the Himalayan wedge. The change in litho composition of crust in the depth range of 10 km or little deeper is supported by the transition in Vp/Vs ratio from a uniformly high value in the upper 10 km to diffused low values at 15 and 18 km depth sections.
Also, the well-resolved central part of the upper-most 10 km indicates that the SE-NW aligned major tectonic features separate the north existing HVZ of CN from low-velocity SH in the southern part. In addition, most of the earthquake locations shown in different slices up to 10 km depth are either on the boundary of low and high velocity or in the HVZ. This boundary also shows high stress drop compared to adjoining parts (Fig. 7) . Therefore, in this part, there is good relation between velocity contrast, seismicity, tectonics, and stress drop. The central part to the north of the study region is characterized by relatively (HVZ); both Vp and Vs are exhibiting higher values from surface down to 10 km. As clear from Fig. 3 , the recent seismic activity is also higher in this part of HVZ compared to LVZ part, which indicates that the earthquake occurrence is taking place in the brittle part of HVZ. There is also high stress drop but it is a narrow zone and localized that covers some part of the HVZ. But, the surface trace of tectonic elements is missing in this part indicating anomalous behavior of velocity and stress drop along with high seismic activity. These suggest the presence of hidden tectonic features in a localized zone.
On an average, the parts along major and local available tectonic elements in the southern and northern parts of the study region have a linkage with seismic activity as per indication of fractal, stress drop, and b value. In addition, the central part of CN also has high values of stress drop (Fig. 7) , high b value, a HVZ, and intense seismicity (Fig. 3) along with low fractal value; all are pointing for the existence of hidden tectonic/structural elements of localized dimension. It is also noticed that two moderate magnitude earthquakes have occurred in this part of hidden tectonics as M5.2 in 1980 and M5.0 in 1995 (Kumar 2010) , both are having isoseismal trends in NS direction coinciding with the behavior of HVZ and stress drop.
Conclusions
In our effort to understand the seismotectonics and consequent stress condition, an investigation for D 0 of structural elements and stress drop of microearthquake occurrence was undertaken in the present data analysis. The identified low correlation fractal dimension (Dc) value is in the zone of highly clustered seismicity suggesting that the seismically active faults are not spatially distributed in the entire region (Roy and Mondal 2009) . The significant low D C value represents the possible rupture nucleation point or highly stressed region and shows clustering of the seismic events. The low stress drop (\10 bar) obtained in this study depicts intense clustering of microearthquake and lowmagnitude seismicity at zones of dense structural elements. The evaluated stress drop is not constant for different size earthquakes (1.5 B Mw B 4.8), suggesting a self-similar behavior of earthquake sources.
Most of the seismic events in different depth sections are localized either in the HVZ or on the boundary of and LVZ indicating that the brittle part is being ruptured. The high b value and low fractal dimension zones are detected in the localized central part of CN without the presence of any significant exposed tectonic element. Here, the occurrence of seismic events hints the availability of smaller size local hidden tectonic structures or the possibility of many barriers in the setup of major tectonic faults. Comparatively higher stress drop and high b value in this part indicate the presence of hidden tectonic elements. The results may be useful for future studies of identifying the causes of higher seismicity in this meizoseismal zone of 1905 great earthquake.
